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ABSTRACT 
 
Polarimetry is a valuable technique to help us understand the role played by the magnetic field of the 
coronal plasma in the energy transfer processes from the inner parts of the Sun to the outer space. 
Polarimetry in the far ultraviolet (FUV: 100-200 nm), which must be performed from space due to 
absorption in terrestrial atmosphere, supplies fundamental data of processes that are governed by the 
Doppler and Hanle effects on resonantly scattered line-emission. To observe these processes there are 
various key spectral lines in the FUV, from which H I Lyman α (121.6 nm) is the strongest one. Hence 
some solar physics missions that have been proposed or are under development plan to perform 
polarimetry at 121.6 nm, like the suborbital missions CLASP I (2015) and CLASP II (2018), and the 
proposed solar missions SolmeX and COMPASS and stellar mission Arago. Therefore, the development 
of efficient FUV linear polarizers may benefit these and other possible future missions. C IV (155 nm) 
and Mg II (280 nm) are other spectral lines relevant for studies of solar and stellar magnetized 
atmospheres. 
High performance polarizers can be obtained with optimized coatings. Interference coatings can tune 
polarizers at the spectral line(s) of interest for solar and stellar physics. Polarizing beamsplitters consist in 
polarizers that separate one polarization component by reflection and the other by transmission, which 
enables observing the two polarization components simultaneously with a single polarizer. They involve 
the benefit of a higher efficiency in collection of polarization data due to the use of a single polarizer for 
the two polarization components and they may also facilitate a simplified design for a space polarimeter. 
We present results on polarizing beamsplitters tuned either at 121.6 nm or at the pair of 155 and 280 nm 
spectral lines.  
1. INTRODUCTION 
Measuring the magnetic field in the chromosphere, solar corona, and the transition region is a key 
objective for the solar physics community since the magnetic field controls the structure and dynamics of 
the solar atmosphere. Polarimetry in selected UV and far UV (FUV, wavelength shorter than 200 nm) 
spectral lines is the best candidate technique to map the magnetic field in the solar atmosphere since most 
of the spectral lines that are sensitive to the magnetic field lie in the UV-FUV. UV and FUV polarimetry 
can provide measurements of the magnetic field through the evaluation of the Zeeman and Hanle effects. 
Other than solar physics, the magnetic field plays a fundamental role also in various fields of 
Astrophysics. One difficulty for polarization measurements is that a UV polarimeter must operate above 
the terrestrial atmosphere to avoid radiation absorption. After some pioneering solar missions devoted to 
FUV polarimetry from space, next developing or proposed solar physics missions, such as CLASP 1 and 
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2 [1,2], SolmeX [3], and SCORE [4], plan to perform improved polarimetry in the UV and FUV. Key 
spectral lines for polarimetry of the solar atmosphere are H Lyman α (121.6 nm) and β (102.6 nm), O VI 
doublet (103.2 and 103.8 nm), C IV (155 nm), and, in the UV, Mg II k line (280 nm). 
Polarizers are essential optical elements for polarimetry and for other techniques like ellipsometry. The 
absorption of FUV radiation by most materials complicates the development of optical instruments to 
wavelengths as short as 121.6 nm or even more to 102.6 nm. Bulk transmission elements operating by 
birefringence, like Rochon or Wollaston prisms have little or no capability to operate at wavelengths as 
short as 121.6 nm. MgF2 Wollaston prisms have been proposed for astronomical polarimetry in the far 
UV [5]. This type of polarizing beam-splitter, however, has relatively small deviation angles (~20°) 
requiring relatively large optical paths, what reduces the polarizer throughput. Wire-grid polarizers, which 
have been successfully extended to wavelengths in the deep UV [6], are not available in the FUV. 
Polarizers based on coatings are a good choice when polarization is needed at a specific wavelength. 
From the pioneering designs of Kim et al. [7], coating polarizers with promising performance operating at 
Lyman α have been developed [8,9]. In addition to polarizers operating by reflectance, polarizers 
operating by transmittance have been also developed [9]; their smaller performance is compensated with 
the simpler geometry that involves no beam tilt. Transmittance polarizers can be also designed to 
additionally filter long wavelengths [9]. 
The present research goes one more step towards polarizers that satisfy new requirements: polarizing 
beamsplitters that simultaneously select one polarization component by reflection and the perpendicular 
component by transmission. The objective is to be able to separate the two polarization components with 
a single device, instead of the conventional use of two crossed polarizers. Such polarizers may be an 
important simplification for future space-operating polarimeters to be developed by the solar-physics 
community. 
 We present experimental data on polarizing beamsplitters for Lyman α with good polarization 
performance in terms of modulation factor and figure of merit. The same concept has been applied to 
polarizers tuned at two of the aforementioned spectral lines for solar atmosphere polarimetry: 155 and 
280 nm.  
2. EXPERIMENTAL TECHNIQUES 
Polarizers were designed and prepared at Grupo de Óptica de Láminas Delgadas (GOLD). Polarizers 
tuned at 121.6 nm were prepared with a multilayer alternating Al and MgF2 films; Al and MgF2 are the 
pair of standard materials for coatings in the FUV. Polarizers for 155 and 280 nm were prepared with a 
multilayer alternating Al and AlF3 films. Polarizers for a wavelength as long as 280 nm involve 
multilayer coatings with much thicker layers compared to 121.6 nm; a trend observed on MgF2 films to 
increase porosity with thickness took us to switch this material for AlF3 in the multilayers for 280 nm; 
AlF3 layers are expected to grow with a higher packing density compared with MgF2 ones. Besides, AlF3 
displays similar optical properties to MgF2 for coatings tuned at much longer wavelengths. 
MgF2 or quartz crystals were used as substrates for polarizers tuned at 121.6 nm or at 155 and 280 nm, 
respectively. They were cut so that the optic axis of the crystal is perpendicular to the flat surfaces. Al, 
MgF2, and AlF3 films were deposited by evaporation on substrates at room temperature. MgF2 and AlF3 
were evaporated using W boats and Al was evaporated using W filaments. 99.999% pure Al, 99.99% pure 
AlF3, and VUV-grade MgF2 were used as evaporant materials. Polarizer coatings were prepared in a 75-
cm diameter, oil-free stainless-steel chamber pumped with a cryopump. The chamber is placed in an ISO-
6 clean room. 
Coating polarizers were measured at the BEAR (Bending magnet for Emission, Absorption and 
Reflectivity) beamline at Elettra synchrotron (Trieste, Italy). BEAR equipment permits optical 
spectroscopic study of the interfaces of multilayer systems [10,11,12], of anisotropic systems [13], and it 
is prepared for the  characterization of polarizers [9,14]. 
Direct transmittance and specular reflectance measurements of polarizers in s (TE) and p (TM) 
polarization (Ts and Tp, and Rs and Rp,, respectively), were obtained between 3 eV (412 nm) and 10.7 eV 
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(116 nm) with linearly polarized light. The degree of linear polarization had been previously determined 
to be ((Is-Ip)/(Is+Ip)=0.99. The accuracy of angles of incidence is estimated to be ~ 0.1° for both 
transmission and reflection measurements. A variable aperture slit (see BEAR web [15]) accepting light 
of the bending magnet emission in an angle range within ±0.17 mrad with respect to the synchrotron orbit 
plane was used to set the degree of polarization. The cross section of the monochromatic light spot at the 
focus position was set at 400x400 μm2 horizontal x vertical; divergence and energy band width were ~ 20 
mrad and ~60 meV ( ΔE/E=10-2), respectively. The incident flux was ~ 109 photons/s. Rejection of higher 
diffraction orders was made by means of an optical grade thick LiF crystal filter from Crystec. Two 
alternate methods were used to measure the light polarization at the sample site. In one case a single 
analyzer element – which consisted in a LiF crystal slab mounted at the Brewster angle of the energy 
range at issue– was rotated together with the light detector mounted on the specular direction as a rigid 
assembly around the impinging light axis (see for instance Ref. [16]). In the other case Rs and Rp, were 
measured with the LiF slab mounted at the Brewster angle and the major and minor axes of polarization 
of the ellipses were retrieved. The detector and sample assembly rotated rigidly around the impinging 
light axis in order to obtain the two polarization incidence geometries without changing the relative 
sample-detector position. A silicon diode (IRD-AXUV100) was used as light detector. Measurements 
were taken in DC current by a picoammeter. The impinging flux was monitored by measuring the 
refocusing-mirror drain current with a picoammeter.  
Transmission and reflectivity data were obtained by averaging at each energy a set of light and dark 
(eventually subtracted) measurements. The overall accuracy of this method resulted in a statistical error σ 
of the single measurement ~10-13 A resulting in a lowest measurable flux (both in transmission and 
reflection) ~ 106 photons/s with a detection dynamics of three orders of magnitude. For both 
transmittance and reflectance measurements, the beam impinged on the sample from the coating side. 
3. RESULTS AND DISCUSSION 
The use of polarizing beamsplitters is a benefit for solar-atmosphere polarimeters since they make it 
possible to observe a certain field simultaneously in s and in p polarization using a simple geometry with 
reduced radiation loss due to the use of only one element. In some FUV polarimeters, such as CLASP, 
simultaneous observation of the two polarization components is performed using two symmetric 
diffraction orders of a grating as a beamsplitter; with this configuration, the overall efficiency is expected 
to be reduced due to light diffracted in other undesired orders.  
3.1 Polarizers at 121.6 nm 
Our previous work addressed coating polarizers for 121.6 nm [9, 17]. Research on polarizers started with 
elements operating by reflectance and continued with novel polarizers operating by transmittance. 
Transmittance polarizers were seen to provide an extra benefit: they can be simultaneously used as 
transmittance filters, so that two functions are obtained with a single element and with no tilt of the 
radiation beam. 
The total radiation balance after interaction with an optical element is distributed among reflection, 
transmission, and absorption. The degrees of freedom present in the design of a multilayer make it 
possible to optimize it for a given far-from-the-normal incidence angle so that one polarization 
component can be mostly reflected and the other component reasonably transmitted, the remaining energy 
being absorbed.  
In our previous research [9], the target in polarizer design was to obtain a strong cancellation of one 
polarization component with an acceptable performance in the other component. This condition can be 
somewhat relaxed in its application for a space polarimeter so that the polarizer only requires that the 
performance on one component be significantly larger than on the other. To quantify this, the modulation 
factor is a useful evaluation parameter [18]:  
sp
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T TT
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where Tp and Ts represent the transmittance of the polarizer for the p (TM) and s (TE) polarization 
components, respectively. For a reflective polarizer, an equivalent parameter μR is defined by replacing Tp 
and Ts with Rs and Rp, respectively. The top possible value for μ is 1. The goal of reaching a high 
modulation factor must be compatible with an optimum use of the incoming energy. For this, the figure of 
merit κ is a useful parameter:  
averTT Tμκ =      (2) 
where Taver is the transmittance averaged over the two polarizations: Taver=(Ts+Tp)/2, which will be 
referred to as throughput. κ provides information on the trade-off between polarization efficiency and 
throughput. As for the modulation factor, an equivalent evaluation parameter κR is defined for the 
reflective polarizer by replacing average transmittance with average reflectance. The top possible value 
for κ is 2-1/2=0.707. 
Fig. 1. s and p components of reflectance (left) and transmittance (right) at 75° of a polarizing beamsplitter optimized 
in κ at 121.6 nm 
Fig. 2. μ (left) and κ (right) at 75° of a polarizing beamsplitter optimized in κ at 121.6 nm. The top κ value of 0.707 is 
plotted for reference 
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In the design of a reflective and transmissive polarizer we optimized the pair κR and κT in order to 
maximize throughput. Fig. 1 plots reflectance and transmittance measured for a reflective and 
transmissive polarizer optimized at 121.6 nm. 
Table 1. Modulation factor μ and figure of merit κ at 121.6 nm both in reflectance 
and in transmittance of the polarizer plotted in Figs. 1 and 2 
Angle μT κT μR κR 
75° 0.883 0.267 0.890 0.571 
Figure 2 displays evaluation parameters μ and κ calculated for data plotted in Fig. 1. Table 1 summarizes 
the evaluation parameters at 121.6 nm. μ has similar values for reflectance and transmittance, which 
results in that the capacity to discriminate one polarization or the other is similar by reflection and by 
transmission. On the other hand, κ is considerably larger for reflectance than for transmittance, which 
expresses that the throughput is much larger in the reflectance section. The reason for this is that 
polarization by transmittance involves absorption mostly in the Al films and in the substrate. This 
asymmetry is intrinsic to the present Al/fluoride multilayers; it might be reduced by optimizing the 
multilayer at a less grazing incidence, although the asymmetry correction would result in a reduction of 
the performance in reflectance more than in an increase of the performance in transmittance. One could 
take advantage of this asymmetry in a situation in which one polarization component is smaller than the 
other and is therefore analyzed by reflectance. 
The present coating polarizers were deposited on MgF2 substrates. MgF2 crystals are birefringent, which 
results in a modification of the wave polarization properties upon transmission through the crystal. This 
could be a problem if the polarized light that is transmitted through the coating were required to keep its 
polarization properties through the optical instrument; this problem could be solved by using a MgF2 
substrate cut with the optic axis in the propagation direction within the crystal or by using LiF, an 
isotropic material, as a substrate. But if polarized light at the exit of the polarizer is immediately detected 
by means of a detector that is assumed to be polarization independent, birefringence-induced 
depolarization does not affect the measurements of the degree of linear polarization performed with the 
polarimeter. 
3.2 Polarizers at 155 and 280 nm 
The present approach of multilayer polarizers reflecting one component and transmitting the other can be 
taken to simultaneously polarize C IV (155 nm) and Mg II (280 nm) spectral lines. Efficient reflective 
wire-grid polarizers operating at 280 nm are already available nowadays, but not at a wavelength as short 
as 155 nm. In contrast, a multilayer coating is a promising polarizer candidate to cover the two 
wavelengths. 
For these polarizers, the Al/AlF3 multilayers were designed with simultaneous requirements to maximize 
κR and κT both at 155 and at 280 nm. Figs. 3 and 4 display reflectance and transmittance along with their 
evaluation parameters, respectively, measured for one such polarizer. Table 2 summarizes the evaluation 
parameters of this polarizing beamsplitter at 155 and 280 nm. 
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Fig. 3. s and p components of reflectance (left) and transmittance (right) at 70° of a polarizing beamsplitter optimized 
both at 155 and 280 nm 
 
Fig. 4. μ (left) and κ (right) at 70° of a polarizing beamsplitter optimized in κ at 155 and 280 nm. The top κ value of 
0.707 is plotted for reference 
The evaluation parameters are rather satisfactory, except for reflectance at 280 nm. The feature designed 
at 280 nm seems to have shifted to the close wavelength of 295 nm. This shift can be attributed to 
inaccuracies in the optical constants of AlF3. New polarizers will be prepared to try to move this high-
polarization feature to 280 nm without destroying the good performance at 155 nm. 
Table 2. Modulation factor μ and figure of merit κ at 155 and 280 nm both in reflectance and in transmittance of the 
polarizer plotted in Figs. 3 and 4a 
Angle μT 155 κT 155 μR 155 κR 155 μT 280 κT 280 μR 280 κR 280 μR 295 κR 295 
70° 0.869 0.251 0.680 0.457 0.834 0.244 -0.02 0.00 0.750 0.318 
a: reflectance μ and κ are also given at 295 nm 
SUMMARY AND CONCLUSIONS 
Polarizing beamsplitters have been developed for two targets with application in solar atmosphere: 121.6 
nm (H Lyman α) and the pair 155 (C IV) and 280 nm (Mg II). They consist in coating polarizers based in 
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a multilayer of Al/MgF2 (121.6 nm) or Al/AlF3 (155 and 280 nm). Multilayers were designed to optimize 
the figure of merit as the evaluation parameter. The performance of the 121.6-nm polarizer was found 
satisfactory. The performance of the 155-&280-nm polarizer was found mostly satisfactory, except for a 
shift in performance for the reflectance at 280 nm. A modified design is planned to move the shifted 
feature to the correct wavelength while keeping the other parameters satisfactory. 
The developed polarizers are able to separate the two polarization components with a single device, 
which results in an increased performance over the use of two crossed polarizers after a beamsplitter. 
Additionally, polarizing beamsplitters may be an important simplification for future space-operating 
polarimeters to be developed by the solar-physics community. 
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